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Introduction
GABA is the major inhibitory neurotransmitter in the brain. GABA A receptors are heteropentameric, ligand-gated anion channels that are activated by GABA to mediate both phasic synaptic transmission and tonic extrasynaptic inhibition in the brain. Functional GABA A receptors are typically formed from 3 of 19 different gene products encoded by GABRA1-GABRA6 (a1-6), GABRB1-GABRB3 (b1-3), GABRG1-GABRG3 (g1-3), GABRR1-GABRR3 (1-3), GABRD (), GABRE ("), GABRP (), and GABRQ (), with most synaptic receptors consisting of two a, two b, and one g subunit (Olsen and Sieghart, 2009) .
Considering the role of GABA A receptors in neuronal inhibition, the genes encoding these receptors (GABRs) are of obvious interest in disorders of altered neuronal excitability such as epilepsy. Pathogenic variants in these genes have been identified in patients with various types of epilepsy. GABRA1 is associated with hereditary generalized epilepsies, like juvenile myoclonic epilepsy, as well as sporadic epileptic encephalopathies, such as Dravet and Ohtahara syndromes (Cossette et al., 2002; Carvill et al., 2014; Kodera et al., 2016) . GABRG2 mutations were found in patients with generalized epilepsy with febrile seizures plus (GEFS + ), absence epilepsy, and epileptic encephalopathy (Baulac et al., 2001; Wallace et al., 2001; Kang and Macdonald, 2016; Shen et al., 2017) . Mutations in GABRB3 have recently emerged as a cause of febrile seizures, GEFS + , focal epilepsy, myoclonic-atonic epilepsy, and early-onset epileptic encephalopathy (Allen et al., 2013; Janve et al., 2016; Møller et al., 2017) . There have also been a few reports of epilepsy-associated variants in GABRA3, GABRB1, GABRB2, and GABRD (Srivastava et al., 2014; Okamoto et al., 2015; Janve et al., 2016; Ishii et al., 2017; Niturad et al., 2017) . A single de novo missense variant was recently reported in GABRA2 in an individual with epileptic encephalopathy; however, the functional consequence of the variant was not investigated (Orenstein et al., 2018) . Additionally, Hernandez et al. (2016) recently identified variants in several GABRs that may modify epilepsy susceptibility.
Here we provide the first functional evidence that de novo variants in the GABRA2 and GABRA5 genesencoding the a 2 and a 5 GABA A receptor subunits, respectively-contribute to early-onset epilepsy and developmental delay. We also present functional characterization of a recurrent missense variant identified in GABRB3.
Materials and methods

Next-generation sequencing and Sanger confirmation
Whole-genome sequencing was performed on DNA extracted from whole blood from Patient 1 and his parents at 30 Â coverage using the Illumina HiSeq X Ten platform with 150-bp paired-end reads. Reads were mapped to the human reference genome using PEMapper, and variants were called using PECaller (Johnston et al., 2017) . Variants were annotated using SeqAnt 2.0 (Shetty et al., 2010) . De novo variants identified in the proband were confirmed with Sanger sequencing.
Targeted resequencing of DNA samples from 279 epilepsy patients was performed using a custom in-solution hybridization probe library (IDT or SureSelect, Agilent Technologies) to capture the coding exons of $4800 genes associated with human disease. The following GABRs were present in the sequencing library: GABRA1, GABRA2, GABRA6, GABRB2, GABRB3, GABRG1, GABRG2, GABRD, and GABRR2. Direct sequencing of the amplified captured regions was performed using next-generation sequencing (2 Â 100 base pairs, paired-end reads) on an Illumina HiSeq 2500 in rapid run mode. The individual DNA sequence reads were aligned to the published human genome reference, and variants were called using NextGENe Õ (SoftGenetics, State College, PA). Variants were called within the coding exons and AE 10 bases of flanking intronic sequence. Variants were filtered for call quality and frequency in the population database gnomAD. Peripheral blood or saliva samples were obtained from family members to test variant inheritance after written consent was obtained. The GABRA2 variant (c.875C 4 A, p.T292K) was determined to be de novo by Sanger sequencing of Patient 2 and her parents. Parental samples were unavailable for Patient 3. This study was approved by the Institutional Review Boards of Emory University and Heidelberg University Hospital.
GABA A receptor cDNAs and mutagenesis
The human GABA A receptor a 1 (NM_000806), a 2 (NM_000807), a 5 (NM_000810), b 3 (NM_000814), g 2s (NM_000816), and rat b 2 (NM_012957) subunit cDNAs were each cloned into the pcDNA3.1+ expression vector containing a cytomegalovirus promoter. The rat b 2 cDNA (NM_012957) was humanized with a single N323S substitution to match the human b 2 peptide sequence (NP_000804). Site-directed mutagenesis (QuikChange Lightning, Agilent Technologies) was performed to introduce the following variants: a 2 (T292K), a 5 (V294L), and b 3 (P301L) into their respective clones. Numbering of variants was based on the fulllength protein sequences, which include the signal peptides. Sanger sequencing was used to confirm each variant and to ensure the absence of unwanted substitutions.
Cell culture and transfection
Human embryonic kidney 293T (HEK293T) cells (CRL-3216, ATCC Õ ) were maintained at 37 C in 5% CO 2 in Eagle's minimum essential medium supplemented with 5% foetal bovine serum, 40 mM L-glutamine, 100 U/ml penicillin, and 0.1 mM streptomycin. Cells were grown on poly-D-lysine-coated glass coverslips (No.2, VWR) and transfected with X-tremeGENE TM (Roche Diagnostics) with the GABA A receptor cDNAs at a 1:1:1 ratio to express a x b x g 2s receptors (0.5 mg per cDNA) and 0.5 mg green fluorescent protein (GFP). GFP was used as an expression marker for transfection efficiency. Patch-clamp experiments were performed on cells at 24-72 h post-transfection. All experiments were performed at 22 C using cells from at least two transfections and across multiple days to control for cell health and transfection efficiency. All reagents were purchased from Sigma unless otherwise noted.
Whole-cell patch-clamp recordings
Whole-cell patch-clamp remains the gold standard for recording the activation of ligand-gated ion channels, and for the testing of disease variants in epilepsy, and many other neurological and psychiatric disorders (Yuan et al., 2015) . No other single technique can generate data that establish the presence of functional receptors on the cell surface and simultaneously define how a variant alters the activation of the receptor on a millisecond timescale. When combined with the recombinant expression of a homogeneous population of variant receptors, the data generated provide the most accurate assessment of variant impact on the amplitude and time course of diseaseassociated changes in membrane excitability.
Whole-cell patch-clamp recording was performed on HEK293T cells expressing a x b x g 2s GABA A receptors and GFP, similar to methods previously described (Williams et al., 2010) . Patch pipettes were fabricated from thin-walled borosilicate glass (TW150F-4, World Precision Instruments, Inc.) using a horizontal puller Sutter Instruments, Inc.) to give a resistance of 2-8 M when filled with intracellular solution (120 mM KCl, 2 mM MgCl 2 , 10 mM EGTA, and 10 mM HEPES, adjusted to pH 7.2 with NaOH, 315 mOsm). Extracellular solution contained 161 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 1.5 mM CaCl 2 , 10 mM HEPES, and 6 mM D-glucose, adjusted to pH 7.4 with NaOH (320-330 mOsm). A rapid solution changer (RSC-160, BioLogics Science Instruments) connected to a 10-channel infusion pump (KD Scientific Inc.) was used to deliver GABA and picrotoxin solutions. The rapid solution changer was controlled by protocols written in pClamp 9 (Molecular Devices, LLC). Whole-cell currents were recorded at À60 mV, filtered at 100 Hz, and sampled at 200 Hz with a MultiClamp 700B amplifier and DigiData 1322A digitizer (Molecular Devices, LLC).
GABA concentration-response assays were performed by exposing each whole-cell patch to increasing concentrations of GABA (0.3, 1, 3, 10, 30 , 100, 300 and 1000 mM) for 2 s, with an 8-s washout between concentrations. Recordings were baseline corrected and analysed in MATLAB (MathWorks, Inc.). Peak currents (I) were measured from GABA exposures and fitted using least-of-squares non-linear regression analysis based on the Hill equation:
, where I is current peak amplitude, I max is maximum current amplitude, EC 50 is the GABA concentration producing the half-maximal response, A is agonist concentration, and nH is the Hill coefficient. GABA concentrationresponse assays were individually fitted to the Hill equation for each whole-cell recording. The maximum peak current, EC 50 , and Hill coefficient were estimated based on averaged values for each mutant receptor and are shown as mean AE standard error of the mean (SEM). The EC 50 , also known as apparentaffinity, is a compound measure of the binding affinity and gating efficacy of GABA for the receptor (Colquhoun, 1998) .
The degree of baseline leak current for cells expressing a 2 -and a 2 (T292K)-containing receptors was calculated using whole-cell recordings from GABA concentration-response assays. The first 41 points (0.2 s) of whole-cell baseline current in extracellular solution was averaged for each patch to give a measurement of baseline leak. This was performed for all eight concentrations in the GABA concentration assay, and the values averaged for each cell.
Desensitization was measured for a 5 -and a 5 (V294L)-containing receptors from the whole-cell recordings of GABA concentration-response assays. Whole-cell analysis of desensitization was performed using previously described methods (Moody et al., 2017) . Briefly, desensitization was measured from 2-s GABA exposures as follows: (I peak À I end ) / I peak Â 100, where I peak was the amplitude of the total peak current response and I end was the amplitude of the peak current response at the end of the agonist exposure (at 2 s). For each cell, desensitization was measured for the eight GABA concentration responses. The log-linear concentrationdesensitization relationship was fitted by linear regression. The slope of this function describes the extent of desensitization as GABA concentration increased.
Picrotoxin assay
Picrotoxin (Sigma) was dissolved in 0.1% DMSO and diluted in extracellular solutions to final concentrations of 1, 10, and 100 mM. Picrotoxin solutions were applied in increasing concentrations to patched cells for 3 s, with an 8-s washout between each concentration. Recordings were baseline corrected and peak current amplitude was measured at each picrotoxin concentration.
Biotinylation assay and western blotting
Cell surface biotinylation was performed on transfected HEK293T cells as previously described (Thompson et al., 2012) . Total and surface fractions were separated by SDS-PAGE (4-15% gel) and transferred to a PVDF membrane (Bio-Rad). Membranes were blocked with 5% non-fat milk, then incubated with anti-a 2 (1:500; 822-GA2CL Phosphosolutions) or anti-a 5 (1:500; N415/24 NeuroMab) and Na + /K + -ATPase (1:10 000; ab76020 Abcam) primary antibodies. Membranes were stripped and incubated with monoclonal mouse anti-b-actin (1:2000; A00702 GenScript) primary antibody to verify that the biotinylating reagent did not cross the cell membrane. Signal intensities were quantified using Image Lab TM software (Bio-Rad). GABA A receptor expression levels were normalized to Na + /K + -ATPase.
Structural modelling and lollipop diagrams
A 3D model of the assembled GABA A receptor was generated using PyMOL software and is based on the crystal structure of the human GABA A b 3 homopentamer (PDB: 4COF) presented by Miller and Aricescu (2014) . Lollipop diagrams were generated using the freely available Lollipops software (Jay and Brouwer, 2016) . After downloading the source code, the software was run directly from the command line interface using the following UniProt accession numbers to draw the protein domains: P31644 (GABRA5), P47869 (GABRA2), and P28472 (GABRB3). Synonymous and non-synonymous variants were downloaded from the gnomAD browser for each gene. The resulting diagrams for the synonymous and non-synonymous variants were merged into a single image for easier visualization.
Statistical analysis
Individual parameters from the whole-cell patch-clamp recordings and western blot experiments were compared using unpaired two-way t-tests (a = 0.05). A two-way unpaired t-test (a = 0.05) with Welch's correction was used to evaluate group differences in baseline leak current. A linear regression analysis was used to evaluate differences in receptor desensitization as GABA concentration increased. For the picrotoxin assay, a two-way repeated measures ANOVA (a = 0.05) with a Sidak post hoc test for multiple comparisons was performed to compare levels of picrotoxin block across groups. Statistical analyses were carried out using Prism 7.0 (GraphPad Software, Inc.). All data are presented as mean AE SEM. Statistical differences are indicated in the figures and tables using the following symbols: *P 4 0.05, **P 4 0.01, ***P 4 0.001, ****P 5 0.0001.
Data availability
The authors are willing to provide the raw data related to this manuscript upon request.
Results
GABA A receptor variants detected from individuals with epilepsy
Using trio-based whole-genome sequencing, we identified the novel de novo GABRA5 variant c.880G 4 C (p.V294L) in a proband (Patient 1) with severe epilepsy and developmental delay. To identify additional disease-associated variants in GABRs, we next examined available sequence data from 279 clinically referred epilepsy patients screened at EGL Genetics using a targeted sequencing panel of approximately 4800 genes. Most of the patients referred for genetic testing were children (average age 7 years) with severe paediatriconset epilepsy. Nine GABRs were included in the sequencing panel: GABRA1, GABRA2, GABRA6, GABRB2, GABRB3, GABRG1, GABRG2, GABRD, and GABRR2. GABRA5 was not included in the sequencing panel. Variants identified in these nine genes were filtered to remove those seen at a frequency 41% in the gnomAD database (Table 1) . There were 19 unique heterozygous missense variants identified from 20 individuals after filtering. Three of the 19 variants were absent from the gnomAD database, which includes whole-exome and genome data from $138 600 individuals and excludes individuals with severe paediatric diseases. Although the frameshifting GABRR2 variant c.57_67delCCTCACAGATG was absent from the gnomAD database, at least 31 other loss-of-function GABRR2 variants are listed in the database, suggesting that GABRR2 is tolerant of heterozygous loss-of-function variation. We selected the remaining two variants, GABRA2 c.875C 4 A (p.T292K) and GABRB3 c.902C 4 T (p.P301L) for further investigation (Table 1 and Fig. 1 ). The clinical features of the individuals carrying the a 5 (V294L), a 2 (T292K), and b 3 (P301L) variants are summarized in Table 2 .
Patient 1 is the second child of unrelated parents with no family history of epilepsy. At 4 months of age, he developed seizures during sleep consisting of myoclonic and tonic seizures, oral automatisms, coughing, tonic-clonic generalized seizures, and migrating partial seizures. Seizure frequency increased from one seizure per week to clusters of up to 100 seizures/day within 6 months. Cognitive and motor development slowed severely at the time of seizure onset. The patient developed secondary microcephaly. At the age of 24 months, Patient 1 shows muscular hypotonia, tetraspasticity, and autistic behaviour. EEG analysis revealed epileptiform discharges, predominantly within the temporal and posterior parts of the brain. MRI showed hypomyelination. Seizures were unresponsive to treatment with phenobarbital, pyridoxine, folinic acid, pyridoxal phosphate, valproate, lacosamide, clonazepam, levetiracetam (alone), and levetiracetam and topiramate in combination; however, the patient became seizure-free at 14 months of age on a combination of zonisamide, levetiracetam, and oxcarbazepine.
Previous metabolic analyses and gene panel testing for epileptic encephalopathies (CeGAT Tubingen) were negative. Through whole-genome sequencing of Patient 1 and his parents, we identified the de novo GABRA5 c.880G 4 C (p.V294L) variant. Another de novo variant in the MIA2 gene (c.1001_1004delACAA) was also detected but was considered unlikely to contribute to the patient's phenotype since multiple loss-of-function variants in this gene were observed in the gnomAD database. No other candidate variants were identified by whole-genome sequencing. The GABRA5 p.V294L variant is located in the pore-forming M2 transmembrane domain of the receptor and the affected valine is conserved across the the a 5 (V294L), a 2 (T292K), and b 3 (P301L) variants are highlighted in grey and the specific amino acids affected are bolded in red. Secondary structures (M2 and M3 transmembrane domains) are also shown above the alignment. The following protein sequences were used to make the alignment: GABRA1, NP_000797; GABRA2, NP_000798; GABRA3, NP_000799; GABRA4, NP_000800; GABRA5, NP_000801; GABRA6, NP_000802; GABRB1, NP_000803; GABRB2, NP_000804; GABRB3, NP_000805; GABRG1, NP_775807; GABRG2, NP_000807; GABRG3, NP_150092. benzodiazepine-sensitive alpha subunits (a1-3, a5, Fig. 1 ). The V294L substitution was absent from gnomAD and occurs in a region of the receptor where very few missense variants are seen in population controls ( Fig. 2A) . Finally, GABRA5 p.V294L was predicted to be damaging by PolyPhen-2 and SIFT algorithms.
a 5 (V294L)b 2 g 2s receptors are more sensitive to GABA but exhibit increased desensitization
When the a 5 (V294L) variant was co-expressed with b 2 and g 2s subunits in HEK293T cells, the GABA concentration-response relationship was altered relative to channels expressing wild-type a 5 . First, the maximum GABA-evoked current produced by mutant receptors was significantly lower than that of wild-type receptors [wild-type a 5 : À4165 AE 314 pA, n = 18 cells; a 5 (V294L): À2717 AE 324 pA, n = 22 cells, P = 0.0024; Fig. 3A , B and Table 3 ]. Second, there was a leftward shift in the GABA concentration-response curve relative to wild-type a 5 b 2 g 2s receptors (Fig. 3C ). This shift is exemplified by the EC 50 of a 5 (V294L)b 2 g 2s receptors being $1/10 that of wild-type receptors [wild-type a 5 : 2.041 AE 0.314 mM; a 5 (V294L): 0.238 AE 0.028 mM, P = 0.0024]. Third, the Hill coefficient, a measure of the cooperativity of GABA binding, was significantly higher for mutant receptors [wild-type a 5 : 1.120 AE 0.061; a 5 (V294L): 1.562 AE 0.071, P 5 0.0001]. These changes are consistent with mutant a 5 (V294L)b 2 g 2s receptors having increased GABA apparent-affinity, causing them to approach maximal activation around 1 mM GABA instead of 10 mM GABA like wild-type receptors (Fig. 3A-C) .
One possible explanation for the reduced maximum GABA-evoked currents observed for a 5 (V294L)b 2 g 2s receptors is increased receptor desensitization. Since the mutant receptors are more sensitive to GABA, they are more likely to desensitize at lower GABA concentrations. To quantify this, we measured the degree of desensitization occurring over the 2-s GABA exposure during whole-cell GABA concentration-response assays. In whole-cell recordings, desensitization was seen as a decrease in current amplitude in the continued presence of GABA. The relationship between GABA concentration and the degree of desensitization could be described by the lines: y = 5.508x + 0.909 (wildtype) and y = 9.584x À 6.277 [a 5 (V294L)], where y is the per cent of desensitization, and x is the log[GABA] concentration in micromoles (Fig. 3D) . The results show that mutant receptors desensitized more than wild-type receptors as GABA concentration increased [F(1,7) = 15.03, P = 0.0061]. Furthermore, the a 5 (V294L) variant was not associated with a reduction in the total or cell surface protein expression. In fact, total and cell surface levels of a 5 (V294L)-containing receptors were increased compared to wild-type ( Fig. 3E and F) . Increased expression of mutant receptors has been reported previously and could indicate altered subunit stoichiometry compared to wildtype receptors (Janve et al., 2016) . Overall, our results show that a 5 (V294L)b 2 g 2s receptors are more sensitive to GABA but are also more likely to desensitize, reducing the receptor's capacity to pass GABAergic chloride current. 
GABRA2 c.875C 4 A (p.T292K)
Patient 2 is the second child of unrelated healthy parents with no family history of epilepsy. Seizures began at 6 weeks of age and included clustered focal seizures and infantile spasms. Clustered focal seizures were accompanied by eye dilation, alternating laughing and crying, breath holding, and behavioural arrest. The patient has also experienced tonic, tonic-clonic, and myoclonic seizures. EEG analysis at 2 years of age showed slow and disorganized background with multifocal epileptiform discharges. MRI performed at age nine showed hypomyelination. Now, at age 11, Patient 2 exhibits microcephaly, cerebral palsy with severe central hypotonia and asymmetric lower extremity spasticity, and cortical visual impairment. She is non-ambulatory and non-verbal and has profound intellectual disability.
Her seizures failed to be controlled by treatment with oxcarbazepine, levetiracetam, phenobarbital, lamotrigine, topiramate, vigabatrin, adrenocorticotropic hormone, pyridoxal phosphate, vitamin E, ketogenic diet, or vagal nerve stimulation. She is currently treated with a combination of valproic acid, phenobarbital, and clobazam but still experiences seizures.
Patient 2 was previously screened using a 110-gene epilepsy panel; however, the results were inconclusive. Using the larger next-generation sequencing library containing 4800 genes, we identified the novel GABRA2 c.875C 4 A (p.T292K) variant. Sanger sequencing of the parents confirmed that GABRA2 p.T292K was de novo in Patient 2. Thr292 is located in the M2 domain and is conserved across all human a, b, and g GABA A subunits (Fig. 1A  and B) . T292K is predicted to be damaging by PolyPhen-2 and SIFT programs (Table 1) . It is absent from the gnomAD database and there are few missense variants reported in close proximity to this position (Fig. 2B) . a 2 (T292K)b 2 g 2s receptors are tonically open and unresponsive to GABA When the a 2 (T292K) variant was co-expressed with b 2 and g 2s subunits, it produced dysfunctional GABA A receptors that did not generate GABA-evoked whole-cell currents within the GABA concentration range of 0.3-1000 mM. This range normally evokes up to several nanoamps of current, as seen with wild-type a 2 b 2 g 2s receptors (Fig. 4A and Table 3 ). For a 2 (T292K)b 2 g 2s receptors, the average current responses to 300, 1000, and 3000 mM GABA were: À22.32 AE 7.11 pA, À23.57 AE 76.27 pA, and À7.33 AE 1.82 pA, respectively (n = 9 cells). As a result, no Hill parameters could be estimated from the mutant data.
We noted that the basal leak current of cells expressing a 2 (T292K)b 2 g 2s receptors was twice as large as those expressing wild-type receptors [t(24.45) = 3.37, P 5 0.05].
Basal leak current refers to the baseline current that passes into cells in the absence of GABA, in part due to spontaneous channel openings. This observation, in combination with the location of the variant in the poreforming M2 domain of the receptor, led us to hypothesize that the mutant channels might be trapped in an open state. We used the GABA A receptor antagonist picrotoxin, a known open-channel blocker, to test this hypothesis. Lack of GABA-evoked currents prevented Hill fit of a 2 (T292K)b 2 g 2s receptor data. Mean AE SEM values from n number of cells. WT = wild-type. **P 4 0.01, ***P 4 0.001, ****P 5 0.0001, unpaired two-way t-test. Mutant a 2 (T292K)b 2 g 2s receptors showed increased suppression of the basal leak current when exposed to increasing concentrations of picrotoxin in the absence of GABA (Fig.  4B ). This suppression is due to picrotoxin blocking the tonic GABA A receptor-mediated leak current and is reflected in the membrane current moving closer to zero during picrotoxin exposure. Mutant receptors had significantly larger suppression of leak current in the presence of picrotoxin relative to wild-type receptors at both 10 mM (P = 0.0017) and 100 mM (P 5 0.0001) concentrations (Fig. 4B and C) . Given that GABA A receptors are generally closed in the absence of GABA, the observation of a leak current that could be blocked by picrotoxin indicates that the mutant a 2 (T292K)b 2 g 2s channel is likely trapped in an open state. Based on the magnitude of leak current suppressed by picrotoxin, we hypothesized that the a 2 (T292K) variant may also reduce expression of a 2 -containing receptors. To test this, we performed a cell-surface biotinylation assay and measured total and cell surface expression of wildtype and a 2 (T292K)-containing receptors (Fig. 4D ). There was a significant reduction in the total amount of mutant receptor ($60% of wild-type levels, P 5 0.0001) and a further reduction in the amount of mutant protein at the cell surface ($27% of wild-type levels, P 5 0.0001, Fig. 4E ). These results confirm that mutant a 2 (T292K)b 2 g 2s receptors are expressed at the cell surface, albeit at lower levels compared to wild-type receptors.
GABRB3 c.902C 4 T (p.P301L)
Patient 3 is a 6-year-old male with intractable seizures, developmental delay, and an unspecified psychiatric abnormality. He was referred for genetic testing at age five, but a detailed clinical history and parental samples were unavailable.
Patient 3 was previously screened using a 110-gene epilepsy panel but the results were inconclusive. We identified the GABRB3 c.902C 4 T (p.P301L) variant using the larger sequencing library. Pro301 is located in the extracellular loop between the M2 and M3 transmembrane domains and is conserved across the human beta subunits (Fig. 1A and B) . GABRB3 p.P301L is absent from gnomAD and is predicted to be damaging by PolyPhen-2 and SIFT programs (Table 1) . Additionally, it is proximal to several reported pathogenic GABRB3 variants (Fig. 2C) . Recently, Møller et al. (2017) reported the same GABRB3 variant as de novo in an individual with focal epilepsy, supporting the pathogenicity of this variant. a 1 b 3 (P301L)g 2s receptors are less sensitive to GABA and produce less GABA-evoked current
The maximum GABA-evoked current produced by a 1 b 3 (P301L)g 2s receptors was significantly lower than for wild-type receptors [wild-type b 3 : À1742.0 AE 157.1 pA; b 3 (P301L): À540.2 AE 43.0 pA, P 5 0.0001; Fig. 5A and Table 3 ]. Additionally, expression of a 1 b 3 (P301L)g 2s receptors shifted the GABA concentration-response curve rightwards relative to wild-type receptors (Fig. 5B) , resulting in a GABA EC 50 that was significantly higher for mutant receptors than for wild-type receptors [wild-type b 3 : 120 AE 14.37 mM, n = 21 cells; b 3 (P301L): 298.10 AE 16.51 mM, n = 20 cells, P 5 0.0001]. These results suggest that b 3 (P301L)-containing receptors have a reduced capacity for passing current and are less likely to be activated to the same degree as wild-type a 1 b 3 g 2s receptors in response to GABAergic synaptic events.
Discussion
GABA A receptors are important regulators of neuronal inhibition, and mutations in GABRs have been associated with various types of epilepsy. While pathogenic variants in GABRB3 have previously been identified in individuals with mild and severe forms of epilepsy (Janve et al., 2016; Møller et al., 2017) , the first potentially pathogenic GABRA2 variant was only recently reported (Orenstein et al., 2018 three GABRA5 missense variants (p.V204I, p.W280R, and p.P453L) that resulted in gating defects and/or reduced current production from individuals with epilepsy. However, without familial segregation information, they were unable to determine pathogenicity and concluded that these variants might act as modifiers of epilepsy susceptibility. In this study, we describe three individuals with epilepsy and developmental delay who were found to carry heterozygous missense variants in GABRA5, GABRA2, and GABRB3, and present the effects of these variants on channel function.
GABRA5 is highly expressed in the hippocampus and contributes to extrasynaptic tonic inhibition in the brain (Caraiscos et al., 2004) . The GABRA5 gene is located on chromosome 15, along with GABRB3 and GABRG3. This genomic region has been implicated in the neurological features of Prader-Willi syndrome, Angelman syndrome, and autism spectrum disorder; three disorders that often include seizures (Hogart et al., 2007; Fatemi et al., 2010) . Brain slices from mice lacking Gabra5 exhibit increased excitability of hippocampal pyramidal neurons (Bonin et al., 2007) , and reduced Gabra5 mRNA and protein expression has been observed in experimental rat models of pilocarpineinduced temporal lobe epilepsy (Fritschy et al., 1999; Houser and Esclapez, 2003) .
We identified the novel de novo GABRA5 variant (p.V294L) in Patient 1, who presented with severe epilepsy and delayed motor and cognitive development. Interestingly, a de novo valine-to-leucine change was observed at the homologous position of GABRA1 (p.V287L) in a patient with early-onset epileptic encephalopathy (Kodera et al., 2016) . Although the group who identified the GABRA1 p.V287L variant did not examine the effects of the variant on channel function (Kodera et al., 2016) , this observation suggests that substitutions at this position may be associated with severe epilepsy phenotypes.
Whole-cell patch-clamp recordings of a 5 (V294L)b 2 g 2s receptors revealed a 10-fold increase in the GABA apparent-affinity, but with a concurrent reduction in maximal current. The observed properties of a 5 (V294L)b 2 g 2s channels are consistent with previous mutagenesis of the homologous position in the a 2 subunit (denoted as V260W), where mutant receptors became 10 times more sensitive to GABA but had decreased maximal responses (Ueno et al., 2000) . Although the a 5 (V294L)b 2 g 2s receptors are more sensitive to GABA, this likely causes more channels to accumulate in the desensitized state, removing them from the pool of activatable receptors and thus leading to less neuronal inhibition. During desensitization, the receptors enter a state in which the channel is closed and chloride current is blocked, despite the receptor being activated. In the presence of higher GABA concentrations, the population of activated GABA A receptors increases, and the probability of those receptors entering a desensitized state also increases. Indeed, when we measured the degree of receptor desensitization from the GABA concentration-response assays, we found that a 5 (V294L)b 2 g 2s receptors desensitized significantly more than wild-type receptors as GABA concentration increased (Fig. 3D) . The impact of this deficit is predicted to be more pronounced for extrasynaptic receptors, such as a 5 , where the constant presence of GABA would not allow receptors to recover from desensitization.
Given the enhanced sensitivity of a 5 (V294L)-containing receptors to GABA, the patient harbouring this variant is unlikely to receive therapeutic benefit from traditional positive allosteric modulators targeting GABA A receptors, such as benzodiazepines and barbiturates, as these types of drugs would be expected to further increase the number of desensitized receptors. Patient 1, who had the GABRA5 p.V294L variant, experienced increased seizure frequency while on the barbiturate phenobarbital; however, it was hard to differentiate whether this was the natural course of the patient's epilepsy or whether this was due to the medication. Treatment with the benzodiazepine clonazepam had no effect on seizure frequency but caused sedation. Interestingly, Patient 1 achieved seizure freedom on a combination of zonisamide, levetiracetam, and oxcarbazepine. These anti-epileptic drugs act predominantly through nonGABAergic mechanisms, such as inhibiting voltage-gated sodium and calcium channels.
GABRA2 is located on chromosome 4 in a gene cluster with GABRB1, GABRA4, and GABRG1. GABRA2 is also highly expressed in the hippocampus, but is localized to the cell soma to mediate synaptic transmission (Tian et al., 2005; Prenosil et al., 2006) . In a meta-analysis of 12 genome-wide association studies, an intergenic single nucleotide polymorphism (rs535066) near the 3 0 end of GABRA2 was associated with increased risk for epilepsy (International League Against Epilepsy Consortium on Complex Epilepsies, 2014). Hawkins and colleagues (2016) demonstrated that decreased expression of Gabra2 was correlated with greater mortality of heterozygous Scn1a + /À mice that serve as a model of Dravet syndrome. Finally, Gabra2 mRNA expression was observed to be reduced in several brain regions following kainic acidinduced seizures in rats (Drexel et al., 2013) .
Patient 2, harbouring the de novo GABRA2 p.T292K variant, presented with intractable epilepsy, profound intellectual disability, and severe cerebral palsy. Orenstein et al. (2018) recently reported a de novo missense variant in GABRA2 (c.1003A 4 C, p.N335H) in an individual with early-onset epileptic encephalopathy, choreiform movement disorder, and visual impairment. The clinical presentation of their patient is strikingly similar to that of Patient 2, suggesting that pathogenic variants in GABRA2 may be associated with severe disease.
Furthermore, a threonine-to-lysine change was reported at the homologous position of GABRB2 (p.T284K) from a patient with myoclonic encephalopathy who passed away at 17 days of age (Hamdan et al., 2017) . Additionally, a threonine-to-isoleucine substitution at the homologous position in GABRA1 (p.T292I) was identified in two unrelated patients with Dravet syndrome and infantile spasms, respectively (de novo in both cases) (Allen et al., 2013; Johannesen et al., 2016) . The individual with infantile spasms also shared many features with Patient 2, including poor vision, microcephaly, hypotonia, and cognitive and motor delay (Allen et al., 2013) . Therefore, substitution of this highly conserved threonine residue lining the pore of the receptor appears to be associated with severe epilepsy phenotypes.
The a 2 (T292K) variant occurs at the 10' position in the M2 domain, which is conserved across the human a, b, and g subunits. A previous study examined this position of the a 2 receptor via tryptophan scanning mutagenesis. The a 2 (T292W) mutant (numbered as T265W in that study) led to spontaneous channel openings, with no detectable GABA-evoked responses (Ueno et al., 2000) . Furthermore, an engineered threonine-to-lysine substitution at the homologous position in the 1 subunit (T302K) resulted in channels that exhibited small GABA-evoked currents and high background leak (Wotring and Weiss, 2008) . These experiments show that substitution of this highly conserved threonine, especially with bulky, positively charged residues, can alter the gating of the channel.
Functional studies of a 2 (T292K)b 2 g 2s receptors revealed channels that did not produce GABA-evoked currents, consistent with previous studies. Although we saw that expression of the mutant receptor was reduced, protein was detectable in the biotinylated surface fraction, indicating that receptors are present at the cell surface. Therefore, reduction in a 2 (T292K)b 2 g 2s receptor expression alone cannot completely explain the lack of GABA-evoked currents observed in the GABA concentration-response assays. Cells expressing a 2 (T292K)b 2 g 2s receptors also exhibited larger basal leak currents, which could be suppressed with increasing concentrations of the channel blocker picrotoxin. These results are consistent with a receptor that is expressed at the cell surface but unable to transition between open and closed states. A channel that is caught in the open state would be expected to increase the amount of tonic inhibition, which is usually set by a low frequency of spontaneous channel openings in the absence of GABA, or by activation at basal GABA concentrations (51 mM). Furthermore, this receptor would have reduced ability to respond to temporally-specific GABA stimulation. Consequently, neurons expressing these receptors would pass indiscriminate GABA A receptor-mediated currents, whose polarity would depend on the reversal potential of chloride in the neuron. During early development, the intracellular concentration of chloride is higher, causing chloride ions to move out of the cell when receptors become activated, thereby depolarizing neuronal membranes. Later in development, expression of the KCC2 potassium-chloride co-transporter lowers the intracellular concentration of chloride, allowing GABA A receptors to hyperpolarize cells in response to activation by GABA (Rivera et al., 1999; Hubner et al., 2001) . Therefore, a 2 (T292K) could result in aberrantly high levels of depolarization signals elicited during early brain development when GABAergic synaptic development precedes glutamatergic development (Ben-Ari, 2006). This would likely promote the development of seizures since proper tonic GABAergic currents are important during development (Lee and Maguire, 2014) . Also, because GABRA2 expression is highest during early development and declines with age, it is reasonable to expect that the a 2 (T292K) variant might confer the highest vulnerability to the brain during development (Laurie et al., 1992) .
Pathogenic epilepsy variants in GABRB3 were first reported in 2013 by the Epi4K Consortium and the Epilepsy Phenome/Genome Project (Allen et al., 2013) . Since then, several GABRB3 variants have been identified in individuals with a spectrum of epilepsies, ranging from mild febrile seizures to severe epileptic encephalopathy (Møller et al., 2017) . We identified the GABRB3 p.P301L variant in a patient with intractable epilepsy and developmental delay. Although we were unable to determine variant inheritance, the same variant was recently reported as de novo in a patient with focal epilepsy (Møller et al., 2017) . Additionally, GABRB3 p.Y302C was previously identified in three unrelated patients with phenotypes that include focal epilepsy and intractable epileptic encephalopathy (Allen et al., 2013; Møller et al., 2017) . The M2-M3 linker, where P301L and Y302C are located, is a highly conserved region that is known to be involved in coupling binding of the agonist to the gating of the channel, a function important for conferring ligand efficacy (O'Shea et al., 2009) .
Because the GABRB3 p.P301L substitution was not functionally characterized previously, we performed a GABA concentration-response assay on a 1 b 3 (P301L)g 2s receptors.
Mutant receptors demonstrated a reduction in GABA apparent-affinity and GABA-evoked current amplitude. This would lead to a receptor that does not respond as strongly to GABA signals as receptors expressing wild-type b 3 , likely causing reduced neuronal inhibition. The observed reduction in function of b 3 (P301L) receptors is similar to the reduction seen for receptors containing other GABRB3 epilepsy variants, particularly the adjacent b 3 (Y302C) variant (Janve et al., 2016; Møller et al., 2017) , providing support for the pathogenicity of this variant.
In addition to the three variants that we investigated functionally, we identified 17 other heterozygous GABR variants from individuals with epilepsy (Table 1) . The frameshifting GABRR2 c.57_67delCCTCACAGATG variant, which was absent from the gnomAD database, was not considered to be causative of disease since multiple heterozygous loss-of-function GABRR2 variants are listed in the gnomAD database. Similarly, GABRA6 appears to be tolerant of heterozygous loss-of-function variation based on the presence of multiple frameshifting, splice-site, and premature stop variants in gnomAD. Therefore, we excluded the GABRA6 p.W305X variant, seen three times in gnomAD, from further study. The GABRG1 p.I279V variant is also unlikely to be casual since the affected individual also carried a pathogenic frameshifting variant in SCN1A. On the other hand, GABRG2 p.D231N was classified as a variant of uncertain significance. This variant affects the N-terminal ligand-binding domain of the receptor and is predicted to be deleterious by several prediction algorithms; however, it was observed four times in the gnomAD database.
The remaining 13 GABR variants, observed five or more times in gnomAD (Table 1) , are unlikely to act as monogenic causes of epilepsy since a recent study showed that dominant pathogenic epilepsy variants were typically absent from or observed only once in the ExAC database, even for milder forms of epilepsy such as GEFS + and benign familial neonatal-infantile epilepsy (Bennett et al., 2017) . However, we cannot exclude the possibility that some of these variants could contribute to the risk for developing epilepsy. Hernandez et al. (2016) evaluated GABR variants identified from individuals with genetic epilepsies and healthy controls and showed that several variants altered channel gating kinetics. Therefore, it is possible that some of the rare variants presented in Table 1 could also contribute to epilepsy susceptibility through complex and polygenic inheritance.
In summary, we present de novo variants in GABRA5 and GABRA2 as contributors to early-onset epilepsy. We provide multiple lines of evidence to support the role of the GABRA5 p.V294L and GABRA2 p.T292K substitutions in disease, including that the variants are de novo, absent from population controls, affect highly conserved and important regions of the GABA A receptor, and alter the function of a 5 -and a 2 -containing receptors, respectively. Additionally, we provide functional evidence of pathogenicity for the identified GABRB3 p.P301L variant. This study highlights how different epilepsy-associated variants in GABRs can reduce neuronal inhibition via a range of alterations in GABA A receptor function. The b 3 (P301L) variant produced functional changes that were consistent with several published pathogenic variants (Janve et al., 2016; Møller et al., 2017) , while the a 2 (T292K) and a 5 (V294L) variants produced unexpected changes in receptor function that have not been previously reported for human GABA A receptor variants. Further studies are needed to determine whether pathogenic variants in GABRA2 and GABRA5 are associated with distinct epilepsy phenotypes or a spectrum of phenotypes, as observed for GABRA1, GABRG2 and GABRB3.
